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Fos-related antigen 2 (Fra-2) is a member of the Fos family of immediate-early genes, most of which are 
rapidly induced by second messengers. All members of this family act by binding to AP-1 sites as heterodimeric 
complexes with other proteins. However, each appears to have a distinct role. The role and biology of Fra-2 are 
less well understood than those of its relatives c-Fos, Fra-1, and FosB; moreover, Fra-2 target genes remain 
largely unknown, as does the basis of its selective effects on transcriptional activity. To pursue these issues, we 
created a transgenic rat line (NATDNF2) in which a dominant negative fra-2 (DNF2) gene is strongly expressed 
in the pineal gland; tissue selectivity was achieved by putting the DNF2 gene under the control of the rat 
arylalkylamine W-acetyltransferase (AANAT) regulatory region, which targets gene expression to a very re- 
stricted set of tissues (pineal gland :s> retina). Expression of AANAT is normally turned on after the onset of 
darkness in the rat; as a result, pineal DNF2 expression occurs only at night. This was associated with marked 
suppression of the nocturnal increase in fra-2 mRNA and protein levels, indicating that DNF2 expression 
inhibits downstream effects of Fra-2, including the maintenance of high levels of fra-2 gene expression. Analysis 
of 1,190 genes in the NATDNF2 pineal gland, including the AANAT gene, identified two whose expression is 
strongly linked to fra-2 expression: the genes encoding type II iodothyronine deiodinase and nectadrin (CD24). 



Fos-related antigen 2 (Fra-2) is a member of the Fos family 
of transcription factors (9, 24, 34). Members of this family act 
by forming heterodimeric complexes with Jun proteins, which 
control gene expression through interaction with the activator 
protein 1 (AP-1) DN A consensus element (36, 46). In addition, 
Fos family members can also form heterodimers with other 
partners, such as some ATF/CREB family members, thereby 
increasing the number of potential Fra target genes (15). Al- 
though significant advances have been made toward under- 
standing the general mechanisms through which Fos family 
members act (12), little is known about what links any one 
member of this family with a specific target gene. This is es- 
pecially true of Fra-2, whose function and biology remain 
poorly understood. A role in organogenesis is suggested by the 
robust and distinct pattern of Fra-2 expression that occurs 
during early development (6, 25); such a role might explain the 
absence of fra-2 knockouts, which might be developmental^ 
lethal. A role in short-term regulation of gene expression is 
suggested by waves of Fra-2 expression in specific adult cells 
(22, 34, 45). 

The short-term role that Fra-2 plays in stimulus-driven gene 
expression has received significant attention. From this, an 
outline of the common features of Fra-2 expression has 
emerged. First, fra-2 expression is turned on by second mes- 
sengers, including cyclic AMP (cAMP) (1, 37) and Ca 2+ (24). 
Second, the ensuing response is rather protracted (1, 45), al- 
beit less so than the one displayed by the fra- 1 gene (50). Third, 
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Fra-2 protein is modified extensively, primarily through extra- 
cellular signal-regulated kinase/mitogen-activated protein ki- 
nase (MAPK) phosphorylation (7, 11, 28, 30). Fourth, Fra-2 
can activate transcription; however, the strength of this effect 
appears to be determined by the heterodimerization partner 
(25, 38) and/or the extent of its phosphorylation (28). 

Whereas some general features of Fra-2 expression are now 
becoming evident, little is known about the basis of Fra-2 
selectivity and which genes it regulates. This reflects the ab- 
sence of in vivo models required to study Fra-2 in a physiolog- 
ically relevant environment. Here we have evaluated an in vivo 
approach, in which a dominant negative (DN) version of fra-2 
(DNF2 gene) is expressed in a tissue-specific manner, with the 
intention of avoiding the deleterious effects likely to result 
from the global suppression of Fra-2 expression. The pineal 
gland was selected as a target because methods exist to gen- 
erate transgenic rat strains in which genetic material is ex- 
pressed primarily in this tissue (4) and because the fra-2 gene 
is physiologically expressed at night in this tissue in a dramatic 
-200-fold wave, whereas the levels of other Fos family mem- 
bers remain relatively constant (1). In addition, the rat pineal 
gland is attractive because it is composed of a nearly homoge- 
neous population of cells, pinealocytes, which simplifies anal- 
ysis and interpretation. 

The nocturnal pattern of Fra-2 expression appears to be 
unique in the pineal gland because other members of the Fos 
family fail to respond to the onset of darkness, providing rea- 
son to suspect that Fra-2 might function to control rhythmic 
expression of one or more genes relevant to pineal function. 
The 24-h pattern in pineal activity is driven by the biological 
clock in the suprachiasmatic nucleus, which is linked to the 
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pineal gland by a multisynaptic pathway; neural regulation of 
pinealocytes is mediated by the release of norepinephrine and 
the resulting increase in cAMP and Ca 24 * (21). This system 
controls rhythmic expression of genes encoding Fra-2, the mel- 
atonin rhythm enzyme-arylalkyl amine AZ-acetyltransferase 
(AANAT) gene, and other rhythmically expressed proteins, all 
of which are candidates for regulation by a Fra-2-containing 
complex. 

As described here, we generated transgenic rat lines in 
which a DN version of Fra-2 (DNF2 protein) is expressed in 
the pineal gland; tissue selectivity was conferred by using the 
AANAT promoter (4). Expression of the DNF2 gene had a 
marked suppressive effect on Fra-2 expression, thereby provid- 
ing a model in which effects of Fra-2 are inhibited in two 
ways — one via suppression of endogenous Fra-2 levels and the 
second via competitive effects of the DNF2 protein on the 
actions of heterodimeric complexes. Analysis of gene expres- 
sion revealed that Fra-2 appears to play divergent roles in 
regulating expression of specific genes in the pineal gland. The 
results are of broad interest because they demonstrate the 
utility of expressing the DNF2 gene under the control of a 
tissue-specific promoter to determine the role Fra-2 plays in 
stimulus-driven gene expression. 

MATERIALS AND METHODS 

Production of transgenic rats. The NATDNF2 vector was generated using the 
partial sequence corresponding to the rat Fra-2 (rFra-2) coding sequence be- 
tween nucleotides 1 and 621 (first 207 amino acids [aa]; Gen Bank accession no. 
U 189 13), which was inserted immediately downstream of the rat AANAT pro- 
moter region (Fig. 1A and B, diagrams) (2). Transgenic rats were generated (31) 
by microinjecting rat embryos with a purified restriction fragment carrying the 
AANAT promoter and the DNF2 sequence, which had been excised from the 
NATDNF2 vector by digestion with Xho\ and Hpa\. Transgenic offspring were 
identified by Southern blot probing (31) of genomic DNA cut with ft/I; the 
probe was an Xhol/BamHl fragment of the transgene. This permits detection of 
an internal 1.7-kb fragment of the incorporated transgene and an -~2.5- kb band 
representing the endogenous AANAT gene. Note that the latter band alone is 
detected in the wild type (WT). Copy number determinations were obtained by 
densitometric analysis (ImageMaster 3.0; Amersham-Pharmacia, Piscataway, 
N.J.) of transgene -specific bands relative to the level of endogenous gene bands 
in equivalent lanes. Transgenic mice were maintained as hemizygous lines, and 
nontransgenic littermates were used as controls in phenotypic analysis. 

Transient transfection assay. NIH 3T3 cells were transfected in 24-wcll plates 
(200 u.1) 42 h prior to harvest. The transfection cocktail contained 5 uJ of 
Lipofectamine and 10 u.1 of Plus reagent (Life Technologies, Rockville, Md.), 20 
ng of a lucifcrasc reporter construct that is driven by a 1.3-kb Hin$[\\-BamW\ 
upstream regulatory fragment derived from the rat fra-2 promoter and that 
contains two AP-1 sites (kindly provided by Anders Molven, Haukeland Univer- 
sity Hospital, Bergen, Norway), and a mammalian vector (pCDNA3.1) driving 
expression of full-length or DN Fra-2. Duplicate transfected cultures were stim- 
ulated by addition of 1 mM dibutyryl cAMP (DB^AMP) 24 h later. Luciferase 
activity was measured 18 h later by standard procedures (luciferase assay system; 
Promcga, Madison, Wis.). Results of transient transfection assays are represen- 
tative of three independent experiments. Statistical analysis was performed by a 
Student / test for unpaired samples. 

Generation and characterization of C- and N-terminal Fra-2- specific ontiscra. 
Anti-Fra-2 sera were raised in rabbits against three synthetic peptides, which 
correspond to selected sequences present only in the Fra-2 polypeptide. The 
peptides used (and antiserum identification numbers) were as follows: rFra- 
2f,5.*i, VITSMSNPYPRSHPYSPLPCLRSVPQHM (2605); rFra-Z^-^, VVV 
KQEPPEEDSPSSSAGMDKTQ (2607); and rFra-2 286 . 29A , PSVLEQESPAS 
(2612). For immunization, peptides were conjugated via branching on a lysine 
tree (3). The various antiscra were evaluated by Western blot screening of 
rFra-2-transfected glioma C6 cell extracts. In this screening antibodies (Ab) 
2605, 2607, and 2612 detected the same band (Fra-2 species) as that reacting with 
pan-Fos Ab F2P1 (36) (data not shown). Antiscra were further characterized by 
peptide blocking analysis in supcrshift assays. 
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FIG. 1. Functional validation of the DNF2 design and transgene 
production. (A) The upper diagram depicts the rat Fra-2 protein (328 
aa) (1). The basic DNA binding domain (b) and the leucine zipper 
(LZ) interaction regions are indicated. The carboxy-terminal region 
that undergoes the bulk of the regulatory phosphorylation events (aa 
250 to 320) (28) is also marked (P). The DNF2 diagram shows the 
position of the truncation point relative to the functional Fra-2 do- 
mains. The bottom panel presents the luciferase activity results of 
transiently transfected NIH 3T3 cells. The reporter (1702/LUC [see 
Materials and Methods]) was cotransfected with the indicated mam- 
malian expression vectors. Cultures were kept under control (open 
bars) or DB 2 cAMP-stimulated (6 h) conditions before harvest. (B) 
Representative Southern analysis of rat genomic DNA. The diagram 
represents the NATDNF2 construct. In the bottom panel, genomic 
DNA samples (10 u-g) from wild-type and NATDNF2 transgenic rats 
were digested with Pst\, resolved on a 1% agarose gel, and transferred 
onto a nylon membrane before probing with a 32 P- radiolabeled XJwl/ 
BamHl fragment of the transgene. This permits detection of an inter- 
nal 1,703-bp fragment of the incorporated transgene (bottom arrow) 
and a 2.5-kb band representing the endogenous AANAT gene (upper 
arrow). Note that the latter band alone is detected in the WT sample. 
Other hybridizing bands represent random junction fragments derived 
from the transgene insertion sites. Size markers are a 1-kb DNA ladder 
(New England Biolabs, Beverly, Mass.). 



EMSA and Western blot analysis. High-salt extraction for preparation of 
whole pineal cell extracts and clcctrophoretic mobility shift assay (EMSA) were 
performed as previously described (1). The 32 P-radiolabcled probe was an AP-1 
consensus clement (Promega). The following affinity-purified rabbit polyclonal 
antiscra were used (Santa Cruz Biotechnologies, Santa Cruz, Calif.): SC253x 
(anti-pan-Fos), SC73x (anti-JunB). SC1694x (anti-c-Jun), and SC74x (anti- 
JunD). The Fra-2-spccific antiscra used (Ab 2605 and Ab 2607) arc described 
above. For Western blot analysis, whole pineal cell extracts (~10 u.g) were 
separated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS- 
PACE) on a 10% gel, transferred onto nitrocellulose (Hybond-C; Amersham- 
Pharmacia), and exposed to a pan-Fos antibody as previously described (1). 

Direct and reverse Northern blot analysis. Samples of total cellular RNA were 
resolved on formaldehyde-agarose gels and subjected to Northern blot analysis. 
Full-length cDNAs in plasm id vectors (2 u.g) were denatured, immobilized onto 
a nylon membrane (Hybond N + ; Amcrsham-Pharmacia) using a slot blot appa- 
ratus (Schleicher & Schuell, Kcene, N.H.), and hybridized with 32 P-radiolabeled 
cDNAs reverse transcribed from total pineal RNA samples (1 u,g) using a 
preamplification kit (Life Technologies). Following a standard washing protocol, 
the blots were exposed to X-ray film (AX; Genetics Research Instruments, Essex, 
United Kingdom), The immobilized rat cDNAs (GenBank accession numbers 
and investigator source are indicated) were as follows: Fra-2 (U 189 13. R, Baler), 
c-Fos (X06769, T. Curran), AANAT (U38306, D. Klein), pi -adrenergic receptor 
(D00634, S. Coon), c-Jun (XI 7163, M. ladarola), ^-phosphodiesterase 
(AF1 69390, S. Coon), alA-adrcncrgic receptor (M60654, S. Coon), alB-adrcn- 
crgic receptor (X51585, S. Coon), preproenkephalin (Y07503, S. Sabol), type II 
iodothyroninc dciodinasc (DII) (U53505, D. Germain), S antigen (X 15353, R. 
Baler), ICER (S66024, R. Baler), and RZRp (NM_006914, R. Baler). Trans- 
genic fra-2 mRNA was detected by Northern blot analysis with a /ra-2-specific 
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DNA probe derived from the last 500 bp of coding sequence. Endogenous fra-2 
mRNA was specifically detected with a 394-bp Bsu36\/Xba\ fragment which is 
missing in the transgene. DU mRNA was detected with a 1.4-kb EcoRl fragment 
derived from the rDII5-l vector (Donald Germain, Dartmouth Medical School). 
Nectadrin mRNA was detected with a reverse transcription-PCR-generated, 
sequence-verified, 240-bp fragment of the rat cDNA (bases 102 to 342; GcnBank 
accession no. NM_012752). Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) 
mRNA was detected with a 376-bp, sequence-verified, reverse transcription-PCR- 
gencrated fragment of the rat GAPDH cDNA (bases 556 to 932). 18S RNA was 
detected with a commercially available 1.2-kb probe (18S Decatemplate; Am- 
bion, Austin, Tex.). Each Northern blot analysis sample consisted of pineal RNA 
that was pooled from two rats. 

Array screen and analysis. Atlas 1.2 rat arrays (Clontcch, Palo Alto, Calif.) 
were screened according to the manufacturer's protocol, using probes derived 
from 2 ng of total pineal RNA. A comprehensive list of the genes displayed on 
this array is available at http:/Avwwxlontcch.com/atlas/genclists/RatTotal.txt. 
Each nylon array was probed three times using probes derived from different 
RNA samples, switching the probe (control versus transgenic) between consec- 
utive screens. The data sets obtained were analyzed using the Atlas linage 
software (Clontech). 

Animal care and experimental protocols, (i) Animal care. Rats (SD, 250 to 
300 g) were entrained to a 12-h/12-h (12:12) light-dark schedule (lights on at 
7 a.m.) for 2 weeks before experiments were carried out. Experiments were done 
in accordance with the Public Health Service policy on humane care and use of 
laboratory animals, Guide for the Care and Use of Laboratory Animals (33), and 
Animal Welfare Act regulations, following experimental protocols that were 
approved by the Animal Care and Use Committee and met the National Insti- 
tutes of Health guidelines. No procedures performed during the course of this 
study caused more than momentary or slight pain or distress. 

(ii) Urine collection experiment. For urine collection (Fig. 5), animals were 
maintained in individual, metabolic cages (Techniplast, Buguggiatc, Italy) for an 
initial period of 2 days prior to the 24-h urine collection period. Urine volume 
was measured and 6-sulfatoxymelatonin was determined in aliquots (Stockgrand 
Limited, Surrey, United Kingdom). 

(iii) Hypertonic challenge experiment For the hypertonic saline experiment 
(Fig. 3), rats were sampled 3 h after either a hypertonic saline injection (1.5 M, 
1.8 ml/100 g) or a similar injection of normal saline. Animals were killed by 
administration of a lethal injection of phenobarbital. Animals were then trans- 
cardially perfused with 50 ml of phosphate-buffered saline (pH 7.4) followed by 
100 ml of 4% paraformaldehyde in 0.1 M phosphate buffer (pH 7.4). Brains 
were carefully removed, postfixed in 4% paraformaldehyde (1 h, 4°C), and 
cryoprotectcd in 30% sucrose (4°C, 18 h). Brain cryosections (12 jim) containing 
the supraoptic nucleus (SON) were prepared; Fra-2 immunorcaclivity was de- 
tected using a Vector ABC Elite kit (Vector Laboratories, Burlingamc, Calif.). 
Ab 2612 (rFra^^^^i) was the first antiserum (1:250, 4°C, 18 h). The second 
antiserum (pcroxidasc-conjugatcd, goat anti-rat; Jackson ImmunoRcscarch Lab- 
oratories, West Grove, Pa.) was detected using nickel-enhanced 3,3'-diamino- 
benzidine (Sigma, St Louis, Mo.), and brain sections were dehydrated and 
mounted without countcrstaining. Sections were viewed with a Lcica DM-LB 
microscope, photographed (Kodak 64-T film), scanned (Canon-Scan), and mon- 
taged (Adobe Photoshop, version 4.0). 

RESULTS 

Functional characterization of the truncated Fra-2 moiety. 

The negative dominance of the DNF2 moiety was evaluated by 
comparing its ability to transactivate the Fra-2 promoter rela- 
tive to intact Fra-2 (Fig. 1A). The Fra-2 promoter represents a 
good candidate for a Fra-2 target in vivo because it contains 
two AP-1 sites that interact with a Fra-2-containing AP-1 com- 
plex (10, 50). Based on in vitro evidence (28), these sites have 
been proposed to mediate an autoregulatory Fra-2 transcrip- 
tional loop. A transient transfection assay revealed that trun- 
cation of the Fra-2 molecule at aa 207 (DNF2) prevented 
Fra-2-dependent stimulation of a Fra-2 promoter-driven re- 
porter gene activity (Fig. 1A). This deficit was evident under 
both control and DB 2 cAMP-stimulated conditions. Based on 
this, the DNF2 moiety was used to generate DNF2 transgenic 
rats. 



Production and phenotypic analysis of pineal gland-specific 
DNF2 transgenic rats. Rat embryos were injected with a DNA 
restriction fragment carrying the AANAT promoter and the 
DNF2 sequence (Fig. IB, diagram) as detailed in Materials 
and Methods. Transgene copy numbers in the resulting lines 
H4, H13, H16, H17, and H18 were estimated at 2, 5, 20, 45, and 
4, respectively, per haploid genome (Fig. IB, data for only WT 
and H16 to H18 are shown). 

Transgenic founders and offspring did not exhibit overt phe- 
notypes, and all offspring exhibited normal growth patterns. 
Direct weight comparisons were difficult to obtain because of 
the uneven distribution of transgenic mice within litters, but 
two littermate samples revealed no significant differences in 
weight (WT and transgenic 6-week-old males, 212 ± 9 g [n = 
3] and 226 ± 8 g \n = 5], respectively; _WT and transgenic 
10-week-old females, 221 ± 2 g [n - 3] and 230 ± 4 g [n = 3]). 
Litters derived from mating hemizygote transgenic mice with 
WT mice displayed normal size and sex distribution. Histolog- 
ical analysis of transgenic tissues done as described in Materi- 
als and Methods revealed that the morphology of the HI 7 
adult rat pineal gland was normal in that it was composed of a 
major population of homogeneous cell types exhibiting defined 
nuclei (presumed pinealocytes), together with a minor popu- 
lation of distinct cells and processes (presumed glia) and sym- 
pathetic nerve fibers. The retinas of H17 animals were also of 
WT appearance, with a normal ordering and density of cellular 
layers. 

Tissue distribution of transgenic DNF2 expression and ef- 
fects of its expression on the endogenous circadian Fra-2 re- 
sponse in the rat pineal gland. Tissue distribution of DNF2 
was examined by Northern blot analysis with a fra-2 probe; 
total RNA was extracted from several tissues from transgenic 
rats obtained at night. A robust DNF2 mRNA signal was 
detected in the night pineal gland; a weaker signal was de- 
tected in the retina (Fig. 2A). DNF2 mRNA was undetectable 
in the other tissues tested. This confirms that the AANAT 
promoter region used confers a high degree of tissue-specific 
gene expression (4). 

The steady-state levels of pineal fra-2 and DNF2 mRNA 
were determined in WT and transgenic animals that were 
sacrificed at various times during a 12:12 light-dark cycle. A 
robust 24-h rhythm in DNF2 mRNA levels was detected in 
NATDNF2 rats, with high levels at night. In contrast, the levels 
of endogenous fra-2 mRNA were significantly lower at night 
than for control rats (Fig. 2B). 

Western blot analysis using a pan-Fos antiserum revealed 
that Fra-2 protein increased steadily throughout the night in 
pineal glands from WT animals (Fig. 2C, lanes 1 to 4), con- 
firming previous observations (1). In contrast, the levels of 67- 
and 35-kDa pan-Fos-immunoreactive species, corresponding 
to c-Fos and FosB, did not change significantly. These results 
are in agreement with previous observations (1). In contrast, 
the Fra-2 response in NATDNF2 animals was suppressed and 
inversely proportional to the level of DNF2 protein (22.7-kDa 
predicted molecular mass), which was detected as a ~20-kDa 
pan-Fos-immunoreactive band (Fig. 2C, lanes 5 to 8). 

NATDNF2 transgenesis fails to perturb a nonpineal Fra-2 
response. To validate the pineal gland (and retina)-specific 
nature of the NATDNF2 model, expression of the fra-2 gene 
was examined in another tissue that expresses this gene, the 



Vol. 21, 2001 



PINEAL DOMINANT NEGATIVE Fos- RELATED ANTIGEN 2 3707 



m 



B 



Fr»-2(6.7kb) 




DNF2 



GAPDH 



ONF2(1.6M>) 



CT> 21 24 3 21 24 3 
WT H17 




CT> 18 21 23 Iff 



WT 



FIG. 2. Tissue survey of DNF2 expression and effects of pineal 
expression on the Fra-2 response in the night pineal gland. (A) North- 
ern blot analysis performed with total RNA (-5 |xg) extracted from 
the indicated tissues that were harvested in the middle of the night 
from transgenic animals designated H17 and carrying a high copy 
number (estimated at 45 per haploid genome) of the NATDNF2 
transgene. The membrane was probed with Fra-2 and GAPDH radio- 
labeled probes. Blots were exposed to X-ray film for 24 h. No DNF2 
signal was observed in WT animals (not shown). (B) Northern blot 
analysis of total pineal RNA (—7 p,g) was used to investigate the 
nocturnal Fra-2 response in WT animals and in a high-copy-number 
transgenic line (HI 7). Levels of fra-2 and DNF2 mRNAs were assessed 
at three different time points during the night along with the levels of 
the 18S rRNA. Downregulation of nocturnal fra-2 mRNA expression 
was also observed in an independent experiment using samples derived 
from H16 transgenic rats. CT, clock time (hours). (C) Western blot 
analysis of pineal proteins prepared from WT mice or animals carrying 
a range of DNF2 transgene copy numbers (2 [H4], 5 [H13], 20 [H16], 
and 45 [HI 7] copies per haploid genome). Animals were sacrificed at 
the indicated clock times, and SDS-PAGE was run with total pineal 
protein samples. After electrophoretic transfer, the membrane was 
exposed to a pan-Fos rabbit antibody directed against the invariant M 
peptide between aa 129 to 153 in the mouse c-Fos sequence (SC253x). 
For both panels, the light-dark cycle was 12:12 with lights off at 7 p.m. 
Selective downregulation of Fra-2 protein was observed in two inde- 
pendent experiments using samples derived from additional H17 trans- 
genic rats. 



SON. The SON displays a low and constitutive level of fra-2 
expression (40) as well as a robust Fra/AP-1 response to neu- 
ronal hyperactivity and hyperosmolality (44, 47, 49). Expres- 
sion of Fra-2 was delected by immunocytochemistry using an 
antibody (Ab 2612) directed against a peptide corresponding 
to Fra^^^, which is absent in the DNF2 protein. It was 
found that the levels of endogenous Fra-2 induction in the WT 
and transgenic SONs were similar (compare Fig. 3B and D). 
This result is in sharp contrast to the marked suppression of 
the pineal Fra-2 response in NATDNF2 animals (Fig. 2B and 
C) and provides further evidence of the selective power of this 



strategy for modulating the expression of a target gene in a 
highly tissue-specific manner. 

Binding characteristics of DNF2 protein. In vivo-expressed 
DNF2 protein was examined by EMSA to determine whether 
it displays the predicted DNA binding pattern and obeys the 
same heterodimerization rules as intact Fra-2. Fra-2 and trun- 
cated Fra-2 proteins in the AP-1 complex were differentially 
detected using supershifting antibodies. Ab 2605 detects the 
amino terminus of Fra-2, which is also present in the DNF2 
protein; Ab 2607 detects the carboxy terminus of Fra-2, which 
is absent in the DNF2 protein (Fig. 4A). 

Most of the AP-l-nucleoprotein complex in control and 
NATDNF2 pineal extracts obtained at night was supershifted 
by Ab 2605 (Fig. 4B, left), consistent with the fact that Ab 2605 
cannot distinguish between full-length and truncated Fra-2. In 
contrast, Ab 2607 supershifted the complexes derived from 
WT but not those from NATDNF2 pineal glands (compare C4 
and_ C17 with- H4 .and H17, respectively), consistent with its 
recognition of an epitope present in the WT protein but not in 
the truncated form. 

It should be noted that the low-copy-number line H4 still 
contains residual endogenous Fra-2, as revealed by the small 
amount of Ab 2607-immunopositive material (see also Fig. 2A, 
lane 5). Specificity of the antibodies was confirmed by the 
ability of the immunizing peptides to selectively block the su- 
pershift caused by their cognate antibodies (Fig. 4B, center) 
and by their inability to supershift all AP-1 complexes, a small 
percentage of which does not appear to involve Fra-2. 

The DNF2 protein appears to heterodimerize with Jun pro- 
teins, based on evidence that the same supershift profiles were 
obtained with each of three anti-Jun antibodies using either 
WT (C17) or NATDNF2 (H17) pineal extracts (Fig. 4B, right). 

Identification of putative Fra-2 target genes. The finding 
that transgenic NATDNF2 rats do not exhibit a detectable 
pineal Fra-2 response suggests that DNF2 protein may act in 
part by inhibiting fra-2 transcription. This leads to the possi- 
bility that the DNF2 moiety might also inhibit transcription of 
other genes that are regulated through similar mechanisms. 
This was tested in several ways. 

(i) AANAT and melatonin production. We first focused on 
expression of AANAT and melatonin production, which have 
been suggested to be controlled by Fra-2 (1, 13). Northern blot 
analysis (Fig. 5 A) indicated that AANAT mRNA levels in 
control and DNF2 animals were essentially identical. Exami- 
nation of Fos proteins using the pan-Fos antibody failed to 
detect any changes in the expression of proteins carrying the 
pan-Fos epitope, making it unlikely that enhanced expression 
of a related member of the Fos family compensated for the 
lack of intact Fra-2 in this system (Fig. 2C). 

Expression of other genes involved in melatonin production 
and its major metabolic derivative was examined by monitoring 
urinary 6-sulfatoxymelatonin. The 24-h patterns in this param- 
eter were found to be essentially identical in the WT and 
NATDNF2 animals, consistent with the interpretation that 
Fra-2 does not play an essential role in the pineal gland in 
melatonin production. 

(ii) Screening of selected pineal genes. A second approach 
was to examine the nocturnal increase in the expression of 
selected genes that are known to be under circadian/noradren- 
ergic control in the rat pineal gland. Plasmids carrying the 
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FIG. 3. Hypertonic saline induction of Fra-2 in the SON of WT and NATDNF2 rats. WT (A and B) and H17 NATDNF2 (C and D) rats (250 
to 300 g) were sampled 3 h after either a hypertonic saline (1.5 M) injection (B and D) or a similar injection of normal saline (A and C). 
Endogenous Fra-2 in the SON was detected by immunocytochemistry using carboxy-specific rFra-2 Ab 2612. Sections were viewed with a Leica 
DM-LB microscope, photographed (Kodak 64-T film), scanned (Canon-Scan), and montaged (Adobe Photoshop, version 4.0). OC, optic chiasma. 
Scale bar = 250 p,m. 



coding sequences for 13 different genes (Fig. 6) were immobi- 
lized on duplicate membranes. The membranes were subse- 
quently probed with cDNA derived from WT (CI 7) or trans- 
genic (H17) pineal RNA that had been harvested in the middle 
of the night. Several genes represented on this screen displayed 
an apparent upregulation in the NATDNF2 line; however, 
only the DII gene showed a reproducible and significant dif- 
ference in NATDNF2 animals (Fig. 6A, sample 11). The re- 
verse Northern data were confirmed and expanded through a 
Northern blot analysis showing that DNF2 expression causes a 
>2-fold increase in the amplitude of the nocturnal increase in 
DII mRNA (Fig. 6B and C). Interestingly, this effect of DNF2 
is in the opposite direction relative to the suppressive effect on 
fra-2 mRNA levels, supporting the notion that Fra-2 can exert 
opposite effects in transcriptional control. 

(iii) Screening of an array. A third approach for the iden- 
tification of Fra-2 target genes involved the probing of a cDNA 
array with WT (C17) and transgenic (H17) cRNA pools. A 
comprehensive array screen is not possible at this time. How- 
ever, it was of interest to examine the general utility of this 
approach and to determine if Fra-2-regulated genes were 
abundant or rare. To do so, we used cRNA prepared from 
pineal glands harvested at midnight (Fig, 7A). A small fraction 
of the 1,176 genes represented on the array showed a differ- 
ence between WT- and NATDNF2-derived probes. Out of this 
initial pool of candidates expression of nectadrin, also referred 
to as CD24 (42), exhibited the lowest transgenic/control ratio. 
This was subsequently confirmed by Northern blot analysis 
(Fig. 7B and C). Accordingly, it appears that nectadrin levels 
are markedly reduced in the pineal gland of NATDNF2 trans- 
genic animals. 



DISCUSSION 

Experimental strategy. Two genetic approaches for sup- 
pressing Fra-2 expression in the rat pineal gland were consid- 
ered at the onset of this study, one involving antisense cDNA 
and the other based on the generation of a DN protein. The 
antisense approach has been successful in knocking out expres- 
sion of target genes (20). However, this strategy was rejected 
because it typically requires extensive empirical optimization 
of the target region along the mRNA molecule; this becomes 
an insurmountable obstacle when the target gene belongs to a 
family of closely related members with partial homologies 
throughout their coding sequences. Furthermore, antisense 
oligonucleotides can lead to unexplained effects when intro- 
duced into the cell. 

A DN strategy was selected because it has also been widely 
used, with notable success in the analysis of cAJvlP response 
element (CRE) and AP-1 DNA binding proteins (14, 27), and 
DN molecules that display a high level of specificity can be 
easily engineered. DN transcription factors are often designed 
so that they retain the ability to heterodimerize with specific 
partners but lack a DNA binding domain, which precludes 
them from interacting with their cognate regulatory sequence 
along the promoter (23). As a result, this class of DN mole- 
cules affects transcription output via a squelching effect. A 
second class of DN molecules lacks the /ra/w-acting domain. 
These proteins retain the ability to heterodimerize and bind to 
DNA but lack transcriptional signaling (16). 

This led to the design of the DNF2 molecule, which had 
dramatically reduced /ram-acting potential compared with the 
full-length protein in an AP-l-driven system (Fig. 1A). This 
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FIG. 4. The DNF2 molecule maintains the proper DNA binding 
and heterodimerization patterns. (A) Two rabbit polyclonal antisera 
were raised against the rat Fra-2 molecule. Ab 2605 recognizes rFra- 
268-96> while Ab 2607 is directed against Fra-2 22 i-^44- Thus, use of Ab 
2607 serves to distinguish between full-length and truncated Fra-2. (B) 
EMSA supershift analysis of nocturnal pineal extracts prepared from 
transgenic (H4 and HI 7) and control (C4 and C17) Httermates. Sera 
used were anti-Fra-2 Ab 2605 and 2607 (left and center) and anti-c- 
Jun, -JunD, and -JunB (right). Specific inhibition of Fra-2 supershifts 
was performed with the indicated peptide at a final concentration of 50 
p,M (center). Results were confirmed in an independent experiment 
using pineal glands derived from additional HI 7 rats. 
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FIG. 5. Expression of DNF2 protein has no effect on pineal 
AANAT expression or melatonin production. (A) Northern blot anal- 
ysis of total pineal RNA (-7 |xg) extracted from WT and NATDNF2 
animals that were sacrificed at the indicated clock times throughout a 
24-h cycle. Blots were exposed to rat AANAT, DNF2, and 18S probes. 
The absence of transgene-associated changes in nocturnal AANAT 
mRNA level was confirmed in an independent experiment using sam- 
ples derived from additional HI 7 transgenic rats. There were six rats in 
each group. (B) WT and H17 NATDNF2 rats were maintained in 
individual metabolic cages on a 12:12 light-dark cycle (lights off at 
clock time 19). Urine was collected every 6 h, starting at clock time 12, 
and urinary 6-sulfatoxymelatonin (expressed as total nanograms pro- 
duced/period) was assessed for each group. 



confirms the importance of the carboxy-terminal phosphoryla- 
tion sites in supporting Fra-2 activity (28). It is also relevant to 
point out that NIH 3T3 cells appear to be deficient in their 
capacity to activate the fra-2 (this study) or c-fos gene in re- 
sponse to DB 2 cAMP activation (43), presumably due to the 
lack of Ser-133 phosphorylation of the CRE binding factor 
CREB (43). This phenomenon allowed us to better dissect the 
Fra-2-dependent component of fra-2 gene induction. 

Selective expression in the pineal gland was achieved by 
putting the DNF2 behind the AANAT promoter, an approach 
which has been found to target expression of a reporter trans- 
gene to the pineal gland and, to a lesser degree, the retina (4). 
DNF2 mRNA was abundant in the pineal gland of several lines 
of NATDNF2 rats but not in other tissues except the retina, in 
which DNF2 expression was detectable at low levels. Pineal 
DNF2 mRNA levels changed following a 24-h rhythm, with 
high levels at night, as is typically seen with AANAT expres- 
sion. Accordingly, this effort appears to have successfully 
achieved the goal of engineering an animal expressing the 
DNF2 gene in the pineal gland under the control of the 
AANAT promoter. It was also found that expression of the 
DNF2 gene resulted in the production of DNF2 protein (Fig. 
2C). Importantly, the overall patterns of Jun heterodimeriza- 
tion and high-affinity AP-1 binding supported by DNF2 were 
comparable to those displayed by the full-length Fra-2 (Fig. 
4B). This indicates that the DNF2 molecule assumed the cor- 
rect conformation required for binding, even though it was a 
truncated form of the parent molecule. Interestingly, the re- 
sidual and relatively constant level of AP-1 DNA binding ac- 
tivity not affected by the Fra-2 antibodies suggests that neither 
low nor high levels of DNF2 overexpression can efficiently 



compete for Jun heterodimeric partners, yet some level of 
competitive inhibition cannot be ruled out. 

Evidence of positive autoregulation of Fra-2 expression. As 
indicated above, it is known that expression of Fra-2 in the rat 
pineal gland increases at night, resulting in —200-fold- higher 
levels of fra-2 mRNA and protein. In the present study we 
found that expression of Fra-2 was suppressed in the DNF2 
pineal gland, consistent with the existence of positive autoreg- 
ulation (28). Fra-2 expression was low in lines with high (H17) 
or low (H4 and H13) copy numbers of the transgene. The 
observation of similar effects, with either high or low transgene 
copy numbers, argues against the likelihood of nonspecific 
effects due to overexpression of the DNF2 transgene and sup- 
ports the interpretation that effects of the transgene involve 
Fra-2 specifically. 

The existence of a Fra-2 positive autoregulatory loop was 
first proposed based on the ability of phosphorylated Fra-2 to 
induce fra-2 gene expression in vitro (28). Our observations 
that cotransfected DNF2 protein failed to stimulate fra-2 pro- 
moter-driven reporter gene activity whereas intact Fra-2 has 
this effect are fully consistent with a model involving auto- 
stimulation (Fig. 1A). Accordingly, the present study has pro- 
vided strong support for the view that the fra-2 gene is under 
the control of Fra-2 protein in vivo. The evidence that expres- 
sion of the fra-2 gene is subject to positive feed-forward auto- 
regulation at the transcriptional level is in agreement with the 
hypothesis that elevated levels of Fra-2 protein are required to 
sustain high levels of fra-2 transcription in vivo (26). The initial 
ripples in the Fra-2 wave might be required to sustain the 
transcriptional response at a high level. 

The basis for the strong correlation between DNF2 expres- 
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FIG. 6. DII is a candidate target gene for Fra-2 action. (A) Reverse 
Northern analysis of radiolabeled pineal (midnight) cRNA from WT 
and NATDNF2 rats. The immobilized plasm id vectors were as follows: 
1, pUC18; 2, Fra-2; 3, c-Fos; 4, AANAT; 5, (Ji-adrenergic receptor; 6, 
c-Jun; 7, 7-phosphodiesterase; 8, alA-adrenergic receptor; 9, a IB- 
ad renergic receptor; 10, preproenkephalin; 11, DII; 12, S antigen; 13, 
ICER; 14, RZR(J. All expression vectors contain rat genes. (B) North- 
ern blot analysis of total pineal RNA (—7 u,g) extracted from WT and 
NATDNF2 animals that were sacrificed at the indicated clock times 
(CT) throughout the dark phase of a 24-h cycle. Blots were exposed to 
rat DII and 18S ribosomal probes. (C) Quantitation of the relative 
abundance of the DII/18S steady-state transcript levels at 22 (n - 3 
pairs of rats) and 24 (n = 4 pairs of rats) h. Open bars, WT; closed 
bars, NATDNF2. 



sion and Fra-2 suppression is not entirely clear. The increase in 
pineal Fra-2 at night reflects the action of cAMP and may 
involve CRE sites in the fra-2 promoter. Fra-2 positive auto- 
regulation could occur if Fra-2 acted through the previously 
identified AP-1 sites in the fra-2 promoter (9) to enhance 
cAMP-initiated expression of the fra-2 gene. In this model, 
fra-2 transcription would be reduced in the absence of Fra-2 
protein, which in turn could contribute to low levels of Fra-2 
protein. Other hypothetical mechanisms through which the 
DNF2 moiety could suppress Fra-2 protein levels include those 
that enhance degradation, such as competitive suppression of 
Fra-2 heterodimerization or specific posttranslational modifi- 
cations. Additionally, it remains plausible that the functions of 
other Fos family members may be regulated posttranscriptionally. 

Although the molecular mechanism thorugh which the 
DNF2 moiety suppresses fra-2 expression is not clear, it is 
apparent that the NATDNF2 rat model provides a unique 
opportunity to identify putative Fra-2 target genes, because the 
nocturnal increase in Fra-2 does not occur in their pineal 
glands. The finding that fra-2 gene expression in the DNF2 
pineal gland is suppressed provides further reason to expect 
that the DNF2-based strategy would identify other putative 
Fra-2 target genes. Accordingly, we initiated an effort to iden- 
tify such targets by screening for genes whose nocturnal ex- 
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FIG. 7. cDNA array-based identification of nectadrin as a candi- 
date Fra-2 target gene. (A) Representative details of duplicate rat 
expression arrays (Clontech's Atlas rat 1.2) probed with cDNAs de- 
rived from either transgenic (HI 7) or control (CI 7) littcrmate pineal 
glands sampled at 24 h. The nectadrin gene is located at position 1A. 
Following hybridization and washing, arrays were exposed to a storage 
phosphor screen (Kodak-K) for 3 days and visualized using a model 
FX molecular imager (Bio-Rad). Images were downloaded as TIFFs 
and montaged using Adobe Photoshop, version 4.0. The level of 
nectadrin mRNA is significantly reduced at midnight in the pineal 
gland of NATDNF2 rats. (B) Nectadrin expression displays a robust 
day/night rhythm in the rat pineal gland, as determined by Northern 
blot analysis of total pineal RNA (~7 \xg) extracted from WT and 
NATDNF2 animals that were sacrificed at the indicated clock times 
(CT) throughout the dark phase of a 24-h cycle. Blots were exposed to 
rat nectadrin and 18S probes. (C) Quantitation of the relative abun- 
dance of the nectadrin/18S steady-state transcript levels at 22 and 24 h 
(n - 3 pairs of rats in each group). Open bars, WT; closed bars, 
NATDNF2. Statistical analysis for both DII and nectadrin levels of 
expression was performed by an unpaired / test, using corrected per- 
centages as input values. The DII level is different from control at both 
22 and 24 h, while the nectadrin is different from control at only 24 h, 
at a significance level of P < 0.05. 



pression patterns become disrupted in the pineal gland of 
NATDNF2 animals. 

Identification of putative Fra-2 gene targets. Two ap- 
proaches were used to identify putative Fra-2 gene targets. The 
first used direct or reverse Northern blot analysis to examine a 
small group of likely candidate targets that are expressed in the 
pineal gland on a rhythmic basis; the second used array tech- 
nology to examine a large group of broadly expressed genes. 
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Most notable among the pineal targets was the AANAT 
gene itself, which had been proposed to be a Fra-2 target gene 
on the basis of considerable circumstantial evidence (1, 13). 
However, our analysis failed to provide any evidence that Fra-2 
is an essential component of regulation of the AANAT gene or 
of any gene involved in melatonin production. This result high- 
lights the important role that direct genetic approaches such as 
the DN strategy can play in analyzing gene expression and why 
they are essential in studies of this nature. 

Another member of the group of selected candidates was 
DI1, which is thought to activate circulating iodothyronine at 
discrete sites of action (41). The levels of D1I mRNA and 
enzyme activity increase at night in the rat pineal gland (18, 
29). Transcription of the Dll gene is under circadian/ 
adrenergic— k:AMP regulation in this tissue (18), as js true for 
fra-2 and the AANAT gene. The finding in this study that the 
nocturnal increase in Dll mRNA was >2-fold greater in 
NATDNF2 animals suggests that Dll is subject to negative = 
regulation by a Fra-2-containing AP-1 binding complex and 
that Fra-2 may in some way limit expression of Dll. The like- 
lihood that an AP-1 site is involved is supported by the pres- 
ence of several putative AP-1 sites in the human DII gene 
promoter (5). Further investigation will be necessary to deter- 
mine if similar sites are present and functional in the rat DII 
gene and whether they are involved in the Fra-2-mediated 
downregulation of this gene in the rat pineal gland. 

The second group of genes examined numbered 1,176. Dif- 
ferential screening of these genes allowed for direct compari- 
son of the expression patterns in NATDI^F2 and WT animals. 
This approach identified another gene that appears to be pos- 
itively regulated by Fra-2, nectadrin, also known as CD24 (8). 
Nectadrin is a glycosylphosphatidylinositol anchored adhesion 
molecule that is expressed in hematopoietic and neural cells; 
pineal expression of CD24 has not been reported. Further- 
more, this gene displays a rhythmic pattern of expression in the 
rat pineal gland; its peak level at midnight is significantly re- 
duced in NATDNF2 animals (Fig. 7B and C). To date, CD24 
has been functionally implicated in control of cell-cell and 
cell-substrate binding as well as in Src kinase-associated intra- 
cellular Ca 2+ signaling (39). Although nectadrin might play a 
role in signal transduction in the pineal gland, it is premature 
to speculate on this possibility. The identification of nectadrin 
as a rhythmically regulated gene in the pineal gland by the 
methods described here highlights the power of this approach 
for opening novel avenues of research. 

Significance and future directions. The rat pineal gland is an 
excellent model to investigate the transcriptional role of Fra-2. 
The circadian pattern of Fra-2 expression in the pineal gland is 
of special interest because of the —200-fold magnitude of the 
nocturnal increase combined with the evidence that expression 
of other members of the Fos family does not change signifi- 
cantly during a 24-h period. The increase in pineal Fra-2 has 
been shown to rely heavily on the second messenger cascade 
triggered by norepinephrine signaling (Fig. 8). This cascade 
leads to the phosphorylation of CREB (21) and the activation 
of the MAPK pathway (17). The former is responsible for the 
nocturnal induction of fra-2 and many other pineal genes, 
while the latter is known to effect massive Fra-2 phosphoryla- 
tion (11, 28). It is conceivable that Fra-2 could function as a 
transcriptional sensor to integrate the activation level of these 
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FIG. 8. Hypothetical model of the central location of the Fra-2 
transcription factor within the noradrenergic signaling cascade in the 
rat pineal gland. Fra-2-containing AP-1 complexes can select different 
adrenergically regulated genes to either drive their expression further 
up (+) or limit the strength of their response (-). Many genes, how- 
ever, are not affected by the Fra-2 knockdown, even though their 
promoters contain putative AP-1 sequences. Likely connections be- 
tween the protein kinase A (PKA) and PKG pathways (17) are indi- 
cated by a dashed double arrow and are poised to affect the levels and 
phosphorylation status of a Fra-2-containing AP-1 factor in complex 
ways. NE, norepinephrine. 



two (possibly more) concomitant signal transduction pathways. 
Thus, based on the accumulated data and the results of the 
present in vivo study, it seems reasonable to hypothesize that 
the overall levels of Fra-2, coupled to the ratio between hyper- 
and hypophosphorylated Fra-2, might constitute a transcrip- 
tional rheostat ideally placed to fine-tune the sensitivity of 
different AP-l-responsive genes to the adrenergic stimulus in 
both directions. The vast majority of genes (e.g., AANAT and 
ICER) will remain unaffected, and others (e.g., Fra-2 and 
nectadrin) require Fra-2 action to maintain a high level of 
expression, while a third group (DIMike) might be actively 
repressed at night by a Fra-2-containing AP-1 complex. 

It will be of great interest to take advantage of this rat pineal 
transgenic system to attempt and dissect the molecular basis 
for the bimodal capacity of a Fra-2-containing AP-1 complex 
to modulate transcriptional events. In this context, analysis of 
the differential recruitment of specific chromatin-remodeling 
complexes on different Fra-2-decorated promoters delineates a 
fertile and intriguing possibility (48). 

This study represents a proof of principle for the transgenic 
delivery of a DNF2 transcription factor using a highly tissue- 
specific promoter in the rat system. Analysis of more densely 
populated gene arrays from a variety of sources will undoubt- 
edly reveal a much higher complexity in the network of down- 
stream genes, both known and unknown, potentially regulated 
by a Fra-2-containing complex, either positively or negatively. 

Finally, the results of this study indicate that the use of a 
DNF2 moiety, in combination with novel tissue-specific pro- 
moters, may prove to be of value in the analysis of Fra-2 
biology throughout development (6) and in selected adult 
structures where robust responses in its expression occur, in- 
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eluding the hippocampus (19, 35), suprachiasmatic nuclei (40), 
and adrenal medulla (32). . 

ACKNOWLEDGMENTS 

We are very grateful to several investigators for their generous gifts 
of the following plasmids: 1702/LUC (Fra-2 promoter) reporter con- 
struct, Anders Molven (Haukeland University Hospital, Bergen, Nor- 
way); rat DII, Donald Germain (Dartmouth Medical School); rat pre- 
proenkephalin, Steven Sabol (NHLBI); c-Jun, Mike Iadarola (NIDR); 
c-Fos, Tom Curran (St. Jude Children's Hospital); and the rat versions 
of alB, PAR, RZR0, and -yPDE, Steve Coon (NICHD). 

This work was supported in part by a CRADA grant from Servier, 
France. 

REFERENCES 

1. Baler, R., and D. Klein. 1995. Circadian expression of transcription factor 

2. Baler, It, S. Covington, and D. Klein. 1997. The rat arylalkylamine N- 
acetyl transferase gene promoter: cAMP activation via a cAMP-responsive 
clcmcnt-CCAAT complex. J. Biol. Chem. 272:6979-6985. 

3. Baleux, F., and P. Dubois. 1992. Novel version of multiple antigenic peptide 
allowing incorporation on a cysteine functionalized lysine tree. Int. J. Pept. 
Protein Res. 40:7-12. 

4. Burke, 2L, T. Wells, D. Carter, D. Klein, and R. Baler. 1999. Genetic tar- 
geting: the serotonin W-acetyltransf erase promoter imparts circadian expres- 
sion selectively in the pineal gland and retina of transgenic rats. J. Neuro- 
chem. 73:1343-1349. 

5. Cancttieri, G., F. S. Celi, G. Baccheschi, L. Salvatori, M. Andreoli, and M. 
Centanni. 2000. Isolation of human type 2 deiodinase gene promoter and 
characterization of a functional cAMP response element. Endocrinology 
5:1804-1813. 

6. Carrasco, D., and R. Bravo. 1995. Tissue -specific expression of the fos- 
related transcription factor fra-2 during mouse development. Oncogene 10: 
1069-1079. 

7. Cook, S., N. Aziz, and M. McMahon. 1999. The repertoire of Fos and Jun 
proteins expressed during G] phase of the cell cycle is determined by the 
duration of mitogen-activatcd protein kinase activation. Mol. Cell. Biol. 
19:330-341. 

8. Fischer, G. F., O. Majdic, S. Gadd, and W. Knapp. 1990. Signal transduction 
in lymphocytic and myeloid cells via CD24, a new member of phosphoinos- 
itol-anchorcd membrane molecules. J. Immunol. 144:638-641. 

9. Foletta, V. 1996. Transcription factor AP-1 and the role of Fra-2. Immunol. 
Cell Biol. 74:121-133. 

10. Foletta, V., M. Sonobe, T. Suzuki, H. Endo, D. Iba, and D. Cohen. 1994. 
Cloning and characterization of the mouse fra-2 gene. Oncogene 9:3305- 
3311. 

11. Gruda, M., K. Kovary, R. Metz, and R. Bravo. 1994. Regulation of fra-1 and 
fra-2 phosphorylation differs during the cell cycle of fibroblasts and phos- 
phorylation in vitro by MAP kinase affects DNA binding activity. Oncogene 
9:2537-2547. 

12. Gruda, M., J. van Amsterdam, C. Kizzo, S. Durham, S. Lira, and K. Bravo. 
1996. Expression of FosB during mouse development: normal development 
of FosB knockout mice. Oncogene 12:2177-2185. 

13. Guillaumond, F., D. Sage, P. Deprez, O. Bosler, D. Becquet, and A* M. 
Francois-Bellan. 2000. Circadian binding activity of AP-1, a regulator of the 
arylalkylamine N-acetyltransferase gene in the rat pineal gland, depends on 
circadian Fra-2, c-Jun, and Jun-D expression and is regulated by the clock's 
zcitgebcrs. J. Ncurochcm. 75:1398-1407. 

14. Gupta, D., Q. Wang, C. Vinson, and R. J. Dziarski. 1999. Bacterial pepti- 
doglycan induces CD14-dependent activation of transcription factors CREB/ 
ATF and AP-1. J. Biol. Chem. 274:14012-14020. 

15. Hoi, T., and T. Curran. 1991. Cross-family dimcrization of transcription 
factors Fos/Jun and ATF/CREB alters DNA binding specificity. Proc. Natl. 
Acad. Sci. USA 88:3720-3724. 

16. Ham, J., C. Baby, J. Whitfield, C. M. Pfarr, D. Lallemand, M. Yaniv, and 
L. L. Rubin. 1995. A c-Jun dominant negative mutant protects sympathetic 
neurons against programed cell death. Neuron 14:927-939. 

17. Ho, A. K., and C. L. Chile 2000. Adrenergic regulation of mitogen -activated 
protein kinase in rat pincalocytcs: opposing effects of protein kinase A and 
protein kinase G. Endocrinology 141:4496-4502. 

18. Kamiya, Y., M. Murakami, O. Araki, Y. Hosoi, T. Ogiwara, H. Mizuma, and 
M. Mori. 1990. Prctranslationa! regulation of rhythmic type II iodothyroninc 
deiodinase expression by beta-adrenergic mechanism in the rat pineal gland. 
Endocrinology 140:1272-1278. 

19. Kasof, G., A. Madelzys, S. Maika, R. Hammer. T. Curran, and J. Morgan. 
1995. Kainic acid-induced neuronal death associated with DNA damage and 
a unique carry-gene response in c-fos-lacZ transgenic rats. J. Neurosci. 15: 
423M249. 



20. Kaya, G., 1. Rodriguez, J. L, Jorcano, P. Vassalli, and I. Stamen kovic. 1997. 
Selective suppression of CD44 in keratinocytes of mice bearing an antisense 
CD44 transgene driven by a tissue-specific promoter disrupts hyaluronatc 
metabolism in the skin and impairs kcratinocytc proliferation. Genes Dev. 
11:996-1007. 

21. Klein, D., S. Coon, P. H. Rose boom, J. L. Weller, M. Bernard, J. A. Gastel, 
M. Zatz, P. M. luvone, I. R. Rodriguez, V. Begay, J. Falcon, G. M. Co hill, 
V. M. Cassone, and R. Baler. 1997. The melatonin rhythm-generating en- 
zyme: molecular regulation of serotonin Af-acetyltransferase in the pineal 
gland. Recent Prog. Horm. Res. 52:307-337. 

22. Kovary, K., and R. Bravo. 1992. Existence of different Fos/Jun complexes 
during Go-to-Gi transition and during exponential growth in mouse fibro- 
blasts: differential role of Fos proteins. Mol. Cell. Biol. 12:5015-5023. 

23. Krylov, D., K. Kasai, D. R. Echlin, E. J. Taparowsky, H. Arnheiter, and C. 
Vinson. 1997. A general method to design dominant negatives to B-HLHZip 
proteins that abolish DNA binding. Proc. Natl. Acad. Sci. USA 94:12274- 
12279. 

24. Matsui, M., M. Tokuhara, Y. Yonuma, N. Nomura, and R. Ishizaki. 1990. 
Isolation of human fos-rclated genes and their expression during monocyte- 
macrophage differentiation. Oncogene 5:249-255. 

25. McCabe, L., CrBanerjee, R. Kulfdu, K. Harrisol), P. Dobner, J. Stein, J. 
Li an, and G. Stein. 1996. Developmental expression and activities of specific 
Fos and Jun proteins are functionally related to osteoblast maturation: role 
of Fra-2 and Jun D during differentiation. Endocrinology 137:4398-4408. 

26. McHenry, J., A. Leon, K. Matthaei, and D. Cohen. 1998. Ovcrcxprcssion of 
fra-2 in transgenic mice perturbs normal eye development. Oncogene 17: 
1131-1140. 

27. Moitra, J M M. M. Mason, M. Olive, D. Krylov, O. Gavrilova, B. Marcus- 
Samuels, L. Feigenbaum, E. Lee, T. Aoyama, M. Eckhaus, M. L. Reitman, 
and C. Vinson. 1998, Life without white fat: a transgenic mouse. Genes Dev. 
12:3168-3181. 

28. Murakami, M., M. Ui, and H. Iba. 1999: Fra-2 positive auto regulatory loop 
triggered by mitogen-activatcd protein kinase (MAPK) and Fra-2 phosphor- 
ylation sites by MAPK. Cell Growth Differ. 10:333-342. 

29. Murakami, M., M. A. Greer, S. E. Greer, S„ K. Hjulstad, and K. Tanaka. 
1989. Comparison of the nocturnal temporal profiles of N-acetyltransferase 
and thyroxine 5 '-deiodinase in rat pineal. Neuroendocrine logy 50:88-92. 

30. Murakami, M. H. Sonobe, Y. Kabuyama, H. Watanabe, T. Wada, H. 
Handa, and H. Iba. 1997. Phosphorylation and high level expression of Fra-2 
in v-src transformed cells: a pathway of activation of endogenous AP-1. 
Oncogene 14:2435-2444. 

31. Murphy, D., and D. A. Carter (ed.). 1993. Transgcnesis techniques: princi- 
ples and protocols. Methods in molecular biology, vol. 18. Humana Press, 
Totowa, N.J. 

32. Nankova, B. B., M. Rivkin, M. Kelz, E. J. Nestler, and E. L. Sabban. 2000. 
Fos-related antigen 2: potential mediator of the transcriptional activation in 
rat adrenal medulla evoked by repeated immobilization stress. J. Neurosci. 
20:5647-5653. 

33. National Institutes of Health. 1985. Guide for the care and use of laboratory 
animals, rev. ed. Department of Health and Human Services publication no. 
(NIH) 85-23. National Institutes of Health, Bethesda, Md. 

34. Nishina, H., H. Sato, T. Suzuki, M. Sato, and H. Iba. 1990. Isolation and 
characterization of fra-2, an additional member of the fos gene family. Proc. 
Natl. Acad. Sci. USA 87:3619-3623. 

35. Pennypacker, K. R., S. Eidizadeh, C. A. Kassed, J. P. O'Callaghan, P. R. 
San berg, and A. E. Willing. 2000. Expression of fos-rclated antigen-2 in rat 
hippocampus after middle cerebral arterial occlusion. Neurosci. Lett. 289: 
1-4. 

36. Quinn, J. P., M. Takimoto, M. Iadarola, N. Hoi brook, and D. Levens. 1989. 
Distinct factors bind the AP-1 consensus sites in gibbon ape leukemia virus 
and simian virus 40 enhancers. J. Virol. 63:1737-1742. 

37. Rezzonico, R., A. Lou bat, D. Lallemand, C. Pfarr, D. Far, A. Proud food, B. 
Rossi, and G. Ponzio. 1995. Cyclic AMP stumulales a JunD/Fra-2 AP-1 
complex and inhibits the proliferation of intcrlcukin-6-dcpcndcnt cell lines. 
Oncogene 11:1069-1078. 

38. Rutberg, S., E. Saez, S. Lo, S. Jang, N. Markova, B. Spiegelman, and S. 
Yuspa. 1997. Opposing activities of c-Fos and Fra-2 AP-1 regulated tran- 
scriptional activity in mouse keratinocytes induced to differentiate by calcium 
and phorbol esters. Oncogene 15:1337-1346. 

39. Sammar, M., E. Gulbins, K. Hilbert, F. Lang, and P. Altevogt 1997. Mouse 
CD24 as a signaling molecule for intcgrin-mcdiatcd cell binding: functional 
and physical association with sre-kinascs. Biochem. Biophys. Res. Commun. 
234:330-334. 

40. Schwartz, W. J., A. Carpino, H. O. de la Iglesia, R. Baler, D. C. Klein, Y. 
Nakabeppu, and N. Aronin. 2000. Differential regulation of fos family genes 
in the ventrolateral and dorsomedial subdivisions of the rat suprachiasmatic 
nucleus. Ncuroscience 98:535-547. 

41. Semm, P., C. Demaine, and L. Vollrath. 1981. Electrical responses of pineal 
cells to thyroid hormones and parathormone. A microclcctrophorctic study. 
Ncurocndocrinology 33:212-217. 

42. Senner, V., A. Sturm, 1. Baur, U. H. Schrell, L. Distel, and W. Paulus. 1999. 



Vol. 21, 2001 



PINEAL DOMINANT NEGATIVE Fos-RELATED ANTIGEN 2 3713 



CD24 promotes invasion of glioma cells in vivo. J. Neuropathol. Exp. Neurol. 
58:795-802. 

43. Seternes, O. R. Sorensen, B. Johansen, and U. Moens. 1999. Activation 
of protein kinase A by dibutyryl cAMP treatment of NIH 3T3 cells inhibits 
proliferation but fails to induce Ser-133 phosphorylation and transcriptional 
activation of CREB. Cell. Signal. 11:211-219. 

44. Sharp, F. R., S. M. Sagar, K. Hicks, D. Low en stein, and K. Hisanaga. 1991. 
c-Fos mRNA, Fos and Fos-related antigen induction by hypertonic saline 
and stress. J. Neurosci. 11:2321-2331. 

45. Sonnenberg, J., P. Macgregor-Leon, T. Curran, and J. Morgan. 1989. Dy- 
namic alterations occur in the levels and composition of transcription factor 
AP-1 complexes after seizure. Neuron 3:359-365. 

46. Suzuki, T., H. Okuno, T. Yoshida, T. Endo, H. Nishina, and H. iba. 199 L 



Difference in transcriptional regulatory function between c-Fos and Fra-2. 
Nucleic Acids Res. 19:5537-5542. 

47. Vahid-Ansari, F., and F. H. Leenen. 1998. Pattern of neuronal activation in 
rats with CHF after myocardial infarction. Am. J. Physiol. 275:H21 40-2146. 

48. Yamauchi, M, M. Nishina, N. Yamamichi, T. Mizutani, M. Ui, M. Mu- 
rakami, and H. Iba. 2000. Identification of SWI/SNF complex subunit 
BAF60a as a determinant of transactivation potential of Fos/Jun dimcrs. 
J. Biol. Chem. 276:2852-2857. 

49. Ying, Z., D. Re is man, and J. Buggy. 1996. AP-1 DNA binding activity 
induced by hypcrosmolality in the rat hypothalamic supraoptic and paraven- 
tricular nuclei. Brain Res, Mol. Brain Res. 39:109-116. 

50. Yoshida, T., T. Suzuki, H. Sato, H. Nishina, and H. Iba. 1993. Analysis of 
fra-2 gene expression. Nucleic Acids Res. 21:2715-2721. 



